Abs efficiently catalyze the conversion of molecular singlet oxygen ( 1 O2) plus water to hydrogen peroxide (HOOH), we used quantum chemical methods (B3LYP density functional theory) to delineate the most plausible mechanisms for the observed efficient conversion of water to HOOH. We find two reasonable pathways. In Pathway I, (i) H2O catalyzes the reaction of 1 O2 with a second water to form HOOOH; (ii) two HOOOH form a dimer, which rearranges to form the HOO-HOOO ؉ H2O complex; (iii) HOO-HOOO rearranges to HOOH-OOO, which subsequently reacts with H2O to form H2O4 ؉ HOOH; and (iv) H2O4 rearranges to the cyclic dimer (HO2)2, which in turn forms HOOH plus 1 O2 or 3 O2. Pathway II differs in that step ii is replaced with the reaction between HOOOH and 1 O2, leading to the formation of HOO-HOOO. This then proceeds to similar products. For a system with 18 The results lead to plausible mechanisms in good agreement with the Scripps isotope experiments. The Discussion talks about these results, suggesting that these mechanisms account for the Scripps Ab results and they may also be significant for understanding related processes in biochemistry, combustion, explosions, atmospheric chemistry, and radiation chemistry of aqueous systems.
R
ecently, Wentworth et al. (1, 2) from the Scripps Research Institute reported the surprising result that Abs, regardless of source or antigenic specificity, have an ability to catalyze the generation of H 2 O 2 in a highly efficient manner and by a mechanism that involves the oxidation of H 2 O 4 , and the related polyoxide radicals, HO 2 and HO 3 . The results lead to plausible mechanisms in good agreement with the Scripps isotope experiments. The Discussion talks about these results, suggesting that these mechanisms account for the Scripps Ab results and they may also be significant for understanding related processes in biochemistry, combustion, explosions, atmospheric chemistry, and radiation chemistry of aqueous systems.
Computational Details
All QM calculations use the Becke three-parameter hybrid functional with Lee-Yang-Parr correlation functional (B3LYP) flavor of density functional theory (3) (4) (5) (6) (7) , which includes a generalized gradient approximation and some exact exchange. The 6-31G** basis set (8, 9) was used on all atoms for a full geometry optimization. Vibrational frequencies (from the analytic Hessian) were calculated to ensure that each minimum is a true local minimum (containing only positive frequencies) and that each transition state has only a single imaginary frequency (negative eigenvalue of the Hessian). All QM calculations were carried out with JAGUAR (10) (11) (12) . Some of these energetics were included in ref. 2 .
To obtain more accurate energetics, we carried out calculations with the cc-pVTZ basis set (13) by using the optimized geometries from the 6-31G** basis. Such QM calculations lead to an accuracy of around 3 kcal͞mol for simple organic molecules (14) .
For molecules such as The calculated vibrational frequencies (with no empirical scaling) were used to calculate the zero point energy and temperature corrections so that all energetics are reported for ⌬H (298K), in kcal͞mol.
QM Calculations and Plausible Mechanisms
Formation of H2O2 from the Reaction Between Two H2O3. First, we examined the direct reaction of 1 O 2 with H 2 O leading to Eq. 0 (See Fig. 1 The structures for the reactant cluster (R1), transition state (TS1), and product cluster (P1) are shown in Fig. 1 Considering the reverse reactions, Eq. 0 indicates that the unimolecular decomposition of t-H 2 O 3 has a barrier of 44.9 kcal͞mol, whereas Eq. 1 indicates that H 2 O can catalyze decomposition of t-H 2 O 3 with a barrier of 20.0 kcal͞mol (from the complex) (22, 23 , , † †).
Reaction of HOOOH with HOOOH (Pathway I). Direct conversion to
HOOH. Starting with two t-H 2 O 3 , we find (Eq. 4) that the transition state to form directly two HOOH is 57.8 kcal͞mol (TS4 is chair-like), a value we consider too high for this to play a plausible role in the observed chemistry. (1) or (2) can be part of Pathways I and II.
The structures for R5, TS5, and P5 are shown in Table 1 . As indicated in Eq. 6, HOO-HOOO-L can rearrange to form the more active complex, HOOH-OOO.
Next we will follow the subsequent reactions involving H 2 O 2 -O 3 .
Formation of H2O4. Starting with the product of Eq. 5, and allowing the rearrangement in Eq. 6, leads to the complex R7 (Eq. 7), with two hydrogen bonds: one hydrogen of water points to an OH in H 2 O 2 , whereas this same OH hydrogen bonds with O 3 . Fig. 2 Eq. 9 shows that a second water reduces the barrier to 11.6 kcal͞mol (from separated reactants). This catalytic role of the second water in Eq. 9 is very similar to that in Eq. 1.
Conversion of H2O4 to H2O2 and 1 O2 or 3 O2. The net result is 3.5 HOOH ϩ 3.0 HOO*H ϩ 1. Adding H 2 O to the HOOH-OOO in Eq. 12 leads to in steps (7) ϩ (10) to form HOOH products just as in Pathway I.
Summary of the H2O3 Plus 1 O2 Mechanism (Pathway II).
Pathway IIA. [Eq. (1 or 2) ϩ (3)] once, followed by (11) ϩ (12) ϩ (7) ϩ (10ab) (with the 1 O 2 product).
Pathway IIB. [Eq. (1 or 2) ϩ (3)] once, followed by (11) ϩ (12) ϩ (7) ϩ (10adc) (with the 3 O 2 product). These pathways lead to the net reactions in A and B. 18 O next to an H and one away from it so that the product HOOH has one 18 O. Thus, the net result is that the two HOOH products have a total of three 16 O and one 18 O, leading to a 3:1 ratio. This is in the range of the experiments, but probably on the high side. Some decrease from 3:1 might result from the 1 Datta et al. (24) find that the QM structures reported here for the relevant complexes and transition states involved in forming H 2 O 3 and H 2 O 2 are stabilized at sites unique to Abs and T-cell receptors (TCRs) but not in other structures such as ␤2-microglobulin. This finding is consistent with the observations from Wentworth et al. (1, 2) that all Abs and TCRs catalyze the oxidation of water, but that other systems, including ␤2-microglobulin, do not. The predicted sites (24) are at the barrel-like interface of two Greek key domains formed by the light and heavy chains of the Ab (and of the TCR). This structure, referred to as the inter-Greek key domain interface (IGKD) is unique to these systems (24) . At these IGKD sites there are several well-ordered crystallographic water molecules spaced just as in water dimers or trimers, providing an environment appropriate for reactions such as Eqs. 1 and 2. In addition, this IGKD region is sufficiently hydrophobic to stabilize both H 2 O 3 and 1 O 2 (24) . These IGKD sites also stabilize HOOOH and its dimer, providing an environment for the balance of Pathways I and II. Indeed, although these IGKD sites have water dimers and trimers, the lack of exposure to bulk water at these sites may be essential to the chemistry. In particular, this environment is consistent with the product H 2 O in Eq. 5 remaining to be the same as the reactant H 2 O in Eq. 7, which in turn led to the 2.2:1 isotope ratio, which agrees with experiment (for Pathway I).
Although (32) and in the pulse radiolysis of air-saturated perchloric acid solution (25) (37) (38) (39) (40) (41) (42) . This reaction possesses a negative activation barrier (40) (41) (42) , but no molecular level mechenistic study has been reported. Our results show that two HO 2 form a planar cyclic hydrogen complex with BE ϭ 11.8 kcal͞mol for singlet (HO 2 ) 2 and 11.4 kcal͞mol for triplet (HO 2 ) 2 .
As one hydrogen in an HOO bends out of the plane, the other hydrogen in the other HOO is pulled over to form HOOH. The energy surface of singlet (HO 2 ) 2 coincides almost exactly with that of the triplet (HO) 2 , enhancing the rate for singlet to triplet interconversion (Eqs. 10bcd). Because of formation of the cyclic hydrogen-bonded (HO 2 ) 2 , the entire energy surface is below the potential energy surface of 2 HO 2 , leading to a negative activation barrier.
Summary
The mechanisms studied here involve the formation of hydrogen polyoxides (H 2 O 3 and H 2 O 4 ) and the related polyoxide radicals (HO 2 and HO 3 ) . These mechanisms may be of significance to the understanding of related oxidations in biochemistry, combustion, and explosion chemistry, atmospheric chemistry, and radiation chemistry of aqueous systems. Many of the proposed intermediates and mechanisms might be studied by using spectroscopic and isotope methods.
